Background: Mutations in the carboxyl ester lipase (CEL) gene cause a syndrome of pancreatic exocrine and endocrine dysfunction (MODY8). Results: Secreted mutant CEL forms aggregates that line the plasma membrane and are cleared by endocytosis. Conclusion: The mutant and normal CEL protein exhibit different cellular properties both in pancreatic and non-pancreatic cell models. Significance: MODY8 pathogenesis may involve endocytosis of a mutant CEL protein with toxic effect.
which is highly expressed in pancreatic acinar cells. The CEL protein is one of three major lipases secreted from the exocrine pancreas into the pancreatic juice (1) (2) (3) . In addition, a high level of CEL expression is found in lactating mammary glands where the enzyme is secreted as a component of breast milk (4) . CEL is activated by bile salts and promotes absorption of cholesteryl esters from the small intestine by hydrolyzing them into free cholesterol and fatty acids (5) . The enzyme also hydrolyzes fat-soluble vitamins (2) and triglycerides (6) . Pancreatic CEL is transported from the duodenum via enterocytes to the blood (7) , where it associates with low density lipoprotein (8) . The protein is cleared from the circulation by renal glomerulus filtration and can be detected in the urine of healthy individuals (9) .
CEL is kept in close proximity to intracellular membranes during its transport from the endoplasmic reticulum (ER) to post-Golgi compartments in the acinar cells (10) . Its membrane association is due to an interaction with a multiprotein complex that contains the chaperone GRP94 (glucose-regulated protein of 94 kDa) (11, 12) . CEL is co-translationally N-glycosylated at amino acid residue Asn-210 in the rough ER (13) followed by O-glycosylation at sites located in a variable number of tandem repeats (VNTR) present in the C-terminal domain of the protein (14) . O-Glycosylation has been suggested to protect the protein against intracellular degradation by masking PEST sequences (15) . It has also been shown to reduce proteolytic degradation of the secreted enzyme in the duodenum (16) . Moreover, O-glycosylation could be important for the solubility of the protein, protecting against self-association caused by exposed hydrophobic surfaces on the globular core of the enzyme (17) . In the trans-Golgi area, phosphorylation releases CEL from the multiprotein folding complex, and the protein is concentrated and stored in zymogen granules before its secretion to the cell exterior upon stimulation (18) .
The human CEL gene is highly polymorphic due to the VNTR in the last exon (19, 20) . Each repeat encodes 11 amino acids, and the most common CEL allele in populations investigated so far contains 16 repeats (20 -24) . Single-base deletion mutations in the CEL VNTR have previously been shown to cause a syndrome of exocrine dysfunction and diabetes (named MODY8 (maturity-onset diabetes of the young, type 8) or CEL-MODY; OMIM #609812) in two Norwegian families (24) . In the largest family a single-base deletion (c.1686delT) in the first repeat is predicted to lead to a frameshift that affects the next 111 amino acids, changing the C-terminal part of the enzyme. The resulting mutant protein is designated p.Val563CysfsX111 and will hereafter be referred to as CEL-MUT. Notably, the predicted VNTR of CEL-MUT differs in its amino acid composition compared with the VNTR of the normal protein (referred to as CEL-WT). CEL-MUT also lacks the 11 C-terminal amino acids tailing the CEL-WT VNTR.
It is still not understood why CEL VNTR mutations cause a dominantly inherited syndrome of exocrine and endocrine pancreatic dysfunction. Notably, lipomatosis of the pancreas is observed in the mutation carriers before disease is recognized at the clinical level (25) . Because the CEL gene is not expressed in pancreatic beta cells, the negative effect of CEL-MUT on insulin secretion is likely to be secondary to a primary pathological event affecting the acinar cells. We previously reported that the changed C-terminal VNTR of CEL-MUT undergoes O-glycosylation and that the mutant protein is secreted to the cell exterior at a rate similar to what is seen for the WT when expressed in stably transfected HEK293 cells (26) . Moreover, in vivo excreted CEL-MUT can be detected in pancreatic juice from the patients. Our findings led to the suggestion that CEL-MODY is a protein misfolding disease in which the CEL-MUT protein forms aggregates leading to the stimulation of the unfolded protein response (26) .
The aim of the present study was to investigate whether the disease-causing c.1686delT mutation affects subcellular distribution, intracellular transport, and degradation of the CEL protein in cell line models. During these studies we discovered that there was a robust cellular reuptake of CEL-MUT after its secretion followed by transport to the lysosomes where the protein was degraded. Moreover, exposure to the CEL-MUT protein negatively affected the viability of pancreatic acinar and beta cells.
MATERIALS AND METHODS
Plasmids-cDNAs encoding wild type and mutant (c.1686delT/ p.Val563CysfsX111) CEL were cloned into the pcDNA3.1/V5-His vector backbone (Invitrogen) in-frame with a C-terminal V5/His tag. This made it possible to detect the recombinant proteins by commercially available epitope-tag antibodies as well as with CEL-specific antibodies. The cloning procedure is described in detail in Johansson et al. (26) . The CEL-WT construct has 16 repeated VNTR segments as in the most common allele found in Europeans (20, 22, 23, 24) . In CEL-MUT, the single-base deletion located in the first repeat causes a frameshift and a premature stop codon. Thus, the translated CEL-MUTproteincontains11repeatedsegmentshavingadifferentamino acid composition than in the WT protein (24) . We also constructed a plasmidexpressinganartificialversionoftheCELgenethatlackedthe sequence immediately after the mutated nucleotide (c.1686). The protein encoded by this plasmid was denoted CEL-TRUNC (p.Val563X) and only harbored the first four amino acids of the CEL VNTR region. CEL-TRUNC was employed to compare the effects caused by the altered VNTR seen in our patients to a situation where CEL is devoid of the VNTR. Plasmids encoding LC3-GFP and p62-mCherry have been described previously (27) .
Antibodies and Reagents-Monoclonal (mAb) anti-V5 (R960-25), polyclonal anti-LAMP2 (51-2200), anti-mouse IgG-Alexa Fluor 488 (A11017), and anti-rabbit IgG-Alexa Fluor 594 (A11072) (both F(ab) 2 -fragments) were purchased from Invitrogen. Anti-LAMP1 (sc-18821), horseradish peroxidase (HRP)-conjugated anti-actin (sc-8432 HRP), HRP-conjugated donkey anti-mouse (sc-2314), and HRP-conjugated anti-rabbit (sc-2313) were from Santa Cruz Biotechnology. Polyclonal anti-V5 (V8137) was from Sigma. Goat anti-mouse F(ab) 2 -fragments coupled with HRP (BI3413C) were from PARIS Anticorps. Monoclonal antibody As20.1 and polyclonal antibody VANKO, both detecting CEL, were a generous gift from Dr. Olle Hernell (Department of Clinical Sciences, Umeå University, Umeå, Sweden). The polyclonal, rabbit antibody against GRP94 (affinity purified) was kindly provided by Dr. Linda Hendershot (St. Jude Children's Research Hospital, Memphis, TN). Monoclonal antibody detecting ERGIC-53/p58 (clone G1/93) was from Enzo Life Sciences, and monoclonal antibody directed against GM130 (610822) was from BD Transduction Laboratories. Rabbit antiserum against Rab1A was affinitypurified as described earlier (28) . MG132 was obtained from Biomol. Cell growth medium, L-glutamine, cycloheximide, leupeptin, and phosphatase inhibitor mixture 2 were purchased from Sigma. Fetal bovine serum, penicillin-streptomycin, and Geneticin (G-418) were from Invitrogen. Epon 812 resin was from Electron Microscopy Sciences. The Enhanced Chemiluminescence (ECL) Plus Western blotting Detection kit was obtained from GE Healthcare, and FuGENE 6 transfection reagent and cOmplete Mini protease inhibitor mixture were from Roche Diagnostics. Total protein was measured using the BCA Protein Assay from Pierce.
Cell Culture, Transfection, and Drug Treatment-Human embryonic kidney (HEK) 293 cells (Clontech Laboratories), 266-6 cells (mouse pancreatic acinar cells, ATCC; CRL-2151), and HeLa cells (ATCC; CCL-2) were maintained in DMEM minimal essential growth medium (␣-modification) supplemented with 10% fetal bovine serum, 100 units/ml penicillinstreptomycin, and 4 mM L-glutamine. Rat insulinoma INS 1E cells (a generous gift from Dr. Claes Wollheim, Geneva, Switzerland) were cultured in RPMI supplemented with 10% fetal bovine serum, 100 units/ml penicillin-streptomycin, 4 mM L-glutamine, 1% HEPES, and 1% sodium pyruvate. All cell cultures were maintained in 5% CO 2 at 37°C.
HEK293 cells were transfected with pcDNA3.1/V5-His plasmids harboring CEL-WT, CEL-MUT, or CEL-TRUNC using FuGENE 6 as described by the manufacturer. Cells transfected with pcDNA3.1/V5-His without any insert (empty vector) were included in all experiments as a negative control. For stable CEL expression, transfected HEK293 cells were treated with 500 g/ml Geneticin for 18 days followed by isolation of single cells. Clones showing similar levels of CEL-WT, CEL-MUT, and CEL-TRUNC mRNA and protein expression, as determined by real-time quantitative PCR and Western blotting were chosen for further experiments.
HEK293 cells were treated with 1 g/ml cycloheximide when investigating the rate of intracellular CEL clearance during inhibition of protein synthesis. In the proteasomal/lysosomal and autophagic degradation experiments, cells were incubated with 10 M MG132, 100 g/ml leupeptin, or 100 nM bafilomycin A1 for 3 h before fixation.
SDS-PAGE and Western Blotting-Cells were lysed in buffer containing 50 mM Tris (pH 8), 150 mM NaCl, 0.5% deoxycholate, 1% Nonidet P-40 and 1x Complete Mini protease inhibitor mixture. After centrifugation at 14,000 ϫ g for 5 min, the supernatant was separated by SDS-PAGE (4 -12%) and transferred to a PVDF membrane by standard methods. The pellet fraction was added sample buffer and boiled before gel electrophoresis. The proteins of interest were detected using specific antibodies and visualized by enhanced chemiluminescence. The membranes were imaged on a LAS-1000 imager (Fujifilm), and quantification of protein bands was performed using the Image Gauge v4.0 software (Fujifilm).
Immunostaining and Confocal Microscopy-Cells grown on poly-L-lysine-coated glass coverslips were fixed for 30 min with 3% paraformaldehyde and immunostained as described in Sannerud et al. (29) . The coverslips were mounted in Gold Antifade Solution with DAPI from Invitrogen. Images were collected using a TCS SP2 or SP5 AOBS confocal microscope (Leica Microsystems) with 63ϫ/1.4 NA and 100ϫ/1.4 NA HCX Plan-Apochromat oil immersion objectives, ϳ1.2 airy unit pinhole aperture, and appropriate filter combinations. Images were acquired with 405 diode and argon ion/argon krypton lasers (Leica). Series of images were acquired at 0.19-m intervals throughout the entire depth of the cells. The obtained images were processed using Photoshop CS4 and CS5 imaging software and illustrator CS6 (Adobe Systems).
Immunoperoxidase Electron Microscopy-Stably transfected HEK293 cells cultured on plastic culture dishes coated with poly-L-lysine were grown to a confluency of 70 -80%, washed with PBS, and fixed with periodate/lysine/paraformaldehyde fixative (30) . The pre-embedding immunoperoxidase procedure used for staining of cells with affinity-purified monoclonal antibodies against CEL (As 20.1) and goat anti-mouse F(ab) 2fragment-coupled HRP has been described in detail elsewhere (31) . Thin sections of the immunolabeled cells embedded in Epon 812 resin were stained with lead citrate and examined in a JEOL 1230 electron microscope (JEOL) operated at 60 kV.
Cell Fractionation-Velocity sedimentation of 3000 ϫ g supernatants prepared from HEK293 cells in iodixanol gradients (Optiprep) was carried out as described previously (29) . Briefly, HEK293 cells were cultured in flasks until they reached 80 -90% confluency. The cells were washed, harvested in Hanks' balanced salt solution, and concentrated by centrifugation at 300 ϫ g. The cell pellets were resuspended in ice-cold homogenization solution (130 mM KCl, 25 mM NaCl, 1 mM EGTA, 25 mM Tris-HCl (pH 7.4)) supplemented with 1ϫ Complete Mini protease inhibitor mixture, and homogenized by 20 passages through a ball-bearing cell cracker (EMBL) with a clearance set at 0.01 mm. The extent of cell breakage was checked by phase contrast microscopy. The samples obtained after velocity sedimentation were separated using 10% SDS-PAGE and subjected to Western blotting.
Treatment with Conditioned Media-HEK293 cells stably expressing CEL protein variants were grown for 24 h toward confluence. The conditioned media were filtered (0.4 m) to remove detached and dead cells and added to untransfected HEK293, HeLa, 266-6, or INS 1E cells for various time points as indicated under "Results." Immunostaining and confocal microscopy were then performed as described above.
Cell Viability-Cell viability was monitored by quantitation of ATP generated by metabolically active cells. The assay was performed using a CellTiter Glo luminescent cell viability kit (Promega) according to the manufacturer's instructions. Briefly, 5 ϫ 10 2 266-6 cells and 5 ϫ 10 3 INS 1E cells were seeded in sterile 96-well plates and grown in the conditioned medium for 7 days. CellTiter Glo reagent (100 l) was added to lyse the cells. After 30 min of incubation at room temperature, 2 min of shaking, and 10 min of stabilization, the luminescence was recorded in a Tecan Infinite M200PRO luminometer with an integration time of 1 s per well. Four independent experiments, each consisting of 12 parallels, were conducted.
Apoptosis Assay-266-6 and INS 1E cells were seeded to a density of 2 ϫ 10 5 cells/well on coverslips in 12-well plates and grown for 7 days in conditioned culture media. Caspase-3/7 enzymatic activity levels were measured using the CellEVENT Caspase-3/7 Green detection reagent (Invitrogen) according to the manufacturer's instructions. Briefly, detection reagent was added to the cell cultures to a final concentration of 7.5 M and incubated for 30 min at 37°C. The growth medium was removed, and the cells were fixed in 3% paraformaldehyde solution. Confocal microscopy was then performed as described above. The apoptosis assay was repeated three times with similar results.
RESULTS

Intracellular Distribution of CEL Is Strongly Affected by the c.1686delT
Mutation-We previously established a HEK293 cell culture model that stably expresses CEL-WT and CEL-MUT (26). Here we have employed the model to investigate the intracellular distribution of the two CEL variants. Immunofluorescence staining followed by confocal microscopy showed that CEL-WT displayed the typical intracellular distribution of a secreted protein, including localization to a widespread ER-like reticular network and accumulation in the juxtanuclear Golgi area ( Fig. 1A) , consistent with previous results on the localization of CEL in human acinar cells (32) . Interestingly, the intracellular localization of CEL-MUT differed considerably from that of the WT protein ( Fig. 1, B and C). Screening of a large number of CEL-MUT-expressing cells revealed two major subpopulations with distinct fluorescence patterns. The cells in the first category, accounting for 53% of the MUT population (denoted MUT #1; Fig. 1B ), typically displayed perinuclear puncta of variable size in addition to an intensive juxtanuclear Golgi-like staining. In the remaining 47% of the cells the punctate structures were much more numerous and widespread, whereas the Golgi-and ER-like signals appeared relatively weak (MUT #2; Fig. 1C ).
We also tested a truncated variant of CEL, CEL-TRUNC (p.Val563X), where the introduction of a stop codon immedi-ately after the deleted nucleotide of CEL-MUT (c.1686) results in a complete loss of the VNTR after the mutation site. Also CEL-TRUNC was detected in punctate structures ( Fig. 1D ), but these were smaller and did not stain so intensively as the structures seen in MUT-expressing cells. In addition, variable Golgilike staining resembling the MUT #1 pattern and diffuse ERlike staining similar to CEL-WT were observed in the cells expressing CEL-TRUNC. Untransfected HEK293 cells stained with the anti-CEL antibody did not exhibit any green fluorescence ( Fig. 1E) .
CEL-MUT Is Present in Intracellular Vacuoles and at the Plasma Membrane-Next, immunoperoxidase electron microscopy (EM) was carried out to analyze the subcellular localization of CEL-MUT at the ultrastructural level. The EM analysis revealed that the bright puncta detected in the MUT-expressing cells by confocal microscopy (Fig. 1, B and C) corresponded to vacuoles of variable size (0.5-1.0 m in diameter). Some of the vacuoles were found as individual elements in the cytoplasm ( Fig. 2A ), whereas others associated with CEL-MUTpositive smooth membrane clusters (Fig. 2 , B and C). Three types of vacuoles could be distinguished based on their size and internal distribution of the mutant protein. In the largest vacuoles (VAC1), CEL-MUT appeared to be tightly bound to the lumenal surface, whereas the rest of the lumen was devoid of the protein ( Fig. 2A, inset) . In other vacuoles (VAC2), the mutant protein did not associate with the limiting membrane but was distributed throughout the lumen (Fig. 2, A and B) . Vacuoles of the third category (VAC3) were typically smaller and displayed patches of CEL-MUT along the lumenal surface ( Fig. 2C, inset) . Finally, extended aggregates of CEL-MUT were seen at the cell surface, most frequently at sites of close cell-tocell contact ( Fig. 2A, inset) .
CEL-WT and CEL-MUT Co-distribute with Markers of the Early Secretory Pathway-We previously reported that secretion of both CEL-WT and CEL-MUT from HEK293 cells occurs at similar rates (26) . However, the microscopic data described above indicated that the two proteins display clearly distinct intracellular distributions ( Fig. 1 , B and C; Fig. 2 ). To further compare the distributions of the two CEL variants along the secretory pathway, we employed cell fractionation ( Fig. 3 ). Post-mitochondrial supernatants were prepared from HEK293 cells expressing CEL-WT or CEL-MUT and subjected to velocity sedimentation in iodixanol gradients (29) . Thereafter, the distribution of CEL in gradient fractions were compared with different markers residing in the early secretory compartments, including GRP94 (ER), p58 (ER, intermediate compartment (IC), cis-Golgi), Rab1 (IC, cis-Golgi), and GM130 (IC, cis-Golgi). As shown in Fig. 3 , the mature O-glycosylated, high molecular weight forms of both CEL-WT and CEL-MUT were predominantly detected in the slowly sedimenting post-ER membranes (fractions 2 and 3) co-distributing with IC/cis-FIGURE 1. Intracellular distribution of CEL protein variants. A, stably transfected HEK293 cells expressing the three different CEL variants were stained using the anti-CEL antibody As20.1 and analyzed by confocal microscopy. The CEL-WT protein localized to the widespread reticular ER and also accumulated in the Golgi region. B, cells expressing CEL-MUT displayed two distinct localization patterns (scored in Ͼ600 cells). In the first population CEL-MUT was present in relatively small cytoplasmic punctate structures as well as in the Golgi compartment (MUT #1). C, in the remaining cells (MUT #2) the protein accumulated in somewhat larger and more intensely stained bodies dispersed throughout the cytoplasm. D, cells expressing CEL-TRUNC had an intracellular distribution pattern intermediate of WT and MUT #1, as the protein showed ER staining and accumulation in the perinuclear Golgi region (seen in WT), but also accumulated in small cytoplasmic bodies similar to MUT #1. E, untransfected HEK293 cells did not show any CEL-specific staining. Images represent maximum intensity projections of z-stacks taken through the entire depth of the cells. Scale bars represent 10 m. EV, empty vector.
Golgi markers Rab1, p58, and GM130. Another peak of mature CEL-MUT, but only relatively small amounts of mature CEL-WT, was detected in faster sedimenting post-ER fraction (fraction 5). This pool of CEL-MUT could correspond to the smallest vacuolar structures (VAC3; Fig. 2C ), which resemble pleomorphic IC elements in their morphology and sedimentation behavior (28, 33) . The immature, low molecular weight forms of both CEL variants co-distributed with a minor pool of p58 in the fast-sedimenting ER factions (fractions 6 -9). Moreover, they co-distributed with the ER chaperone GRP94 in agreement with the previously reported association of CEL with a GRP94-containing, membrane-bound, multiprotein folding complex (10, 32) . The somewhat wider distribution profile of CEL-MUT could indicate that this protein was more prone to associate with membranes intracellularly as well as extracellularly ( Fig. 2A ; Ref. 26 ).
Increased Stability of CEL-MUT upon Cycloheximide (CHX)
Treatment-Some of the vacuoles seen in CEL-MUT-expressing cells might be related to post-Golgi steps in the secretion of the protein. We, therefore, treated cells with CHX to examine whether these vacuoles would disappear as a consequence of the inhibition of protein synthesis. Confocal microscopy showed that in cells expressing CEL-WT, the intensity of CEL-specific fluorescence decreased considerably after 60 min of CHX treatment (Fig.  4A ). After 90 min the cells appeared almost devoid of the protein.
A reduction of CEL-specific fluorescence was seen also in the CEL-MUT-expressing cells, but 90 min after the cessation of protein synthesis the amount of intracellular CEL-MUT protein was considerably higher than that of CEL-WT (Fig. 4A ). The mutant protein was mainly localized in punctate structures corresponding to the vacuoles described above (Fig. 2 ). Western blotting of the detergent-soluble fractions of the total cell lysates showed that the intracellular pools of the soluble forms of the two CEL variants decreased at similar rates when protein synthesis was blocked ( Fig.  4B ). After 90 min of treatment with CHX, ϳ7% of the original pools remained for both protein variants ( Fig. 4C ). However, similar analysis of the pelleted material revealed the presence of a significant amount of CEL-MUT in this fraction. The amount of pelleted CEL-MUT decreased with increasing CHX exposure ( Fig.  4B ) but at a slower rate compared with the detergent-soluble fraction, and after 90 min of treatment ϳ20% of the protein remained (Fig. 4C ). The punctate structures (vacuoles) seen in CEL-MUT-expressing cells after a 90-min CHX incubation could, therefore, represent an aggregated, Nonidet P-40insoluble form of the mutant protein that had a longer half-life than the soluble form.
CEL-MUT Associates with LAMP1-positive Membranes-Because the majority of the vacuoles containing CEL-MUT could not be linked to protein secretion, we wondered whether they might be involved in protein degradation. Intracellular proteins can be degraded by two different mechanisms. The proteasome is responsible for degrading short-lived, soluble proteins (34), whereas autophagy is a degradation pathway that delivers long-lived proteins, protein aggregates, and organelles FIGURE 2. Accumulation and aggregation of CEL-MUT. A, stably transfected HEK293 cells were processed for immunoperoxidase electron microscopy using the anti-CEL antibody As20.1. Elongated CEL-MUT aggregates were seen outside the cells either aligning with free cell surface or residing at the narrow space between two adjacent cells (inset). Three different types of vacuoles were observed intracellularly. VAC1 were large vacuoles in which the mutant protein associated with the inner surface of the limiting membrane (A and inset). Arrowheads indicate small CEL-containing vesicles. B, in another class of large vacuoles (VAC2), CEL-MUT aggregates were present throughout the whole lumen. The arrows indicate smaller vacuoles that were negative or weakly positive for CEL-MUT. C, CEL-MUT was also frequently found associated with smaller pleomorphic (vacuolar) structures (VAC3) in which the protein was present in patches lining the inner membrane. EA, extracellular aggregates; M, mitochondrion; PM, plasma membrane; VAC, vacuole. to the lysosomes where they are eliminated (35) . The localization of CEL-MUT to large vacuolar structures suggested an association with lysosomes. We, therefore, co-stained CEL-WT-, CEL-MUT-, and CEL-TRUNC-expressing HEK293 cells with antibodies against CEL and LAMP1, a membrane protein present in late endosomes and lysosomes (36) . Only 2% of WTexpressing cells displayed co-localization between LAMP1 and CEL, whereas ϳ30% of MUT-expressing cells showed CELpositive vacuoles surrounded by LAMP1-positive membranes (Fig. 5, A and C) . Notably, also 17% of the untreated CEL-TRUNC-expressing cells displayed co-localization between LAMP1 and CEL, a number intermediate of WT and MUT cells (Fig. 5, A and C) .
We next investigated the effect on the formation of the vacuolar structures of the drug leupeptin, an inhibitor of serine and cysteine proteases found in the lysosomes, and of MG132, an inhibitor of both the proteasome and certain lysosomal cysteine proteases (37) . After a 3-h leupeptin treatment, 76% of the cells expressing CEL-MUT exhibited LAMP1/MUT double-positive vacuoles (Fig. 5, A and C) , the average number of co-local- A, stably transfected HEK293 cells were treated with 1 g/ml cycloheximide. The intracellular levels of protein were monitored by confocal microscopy in 30-min intervals (image labels) after the addition of cycloheximide. The cells were stained with the anti-CEL antibody As20.1. Images were obtained using confocal microscopy with identical laser and microscope settings. Each image represents maximum intensity projections of a z-stack taken through the entire depth of the cells. The scale bar represents 50 m. B, HEK293 cells treated as in A were lysed and centrifuged for 10 min at 3000 ϫ g. The resulting supernatant fractions and the pelleted membrane fractions were analyzed by Western blotting using an anti-V5 antibody. C, the bands in B were quantified and normalized to the ␤-actin level. CEL concentration at 0 min was arbitrarily set to 1.0, and relative CEL concentrations at other time points are shown. Data are shown as the means; the error bar represents S.D. from three independent experiments, each consisting of three parallels.
izing vacuoles in each positive cell being almost doubled (Fig.  5D ). This confirmed that a substantial fraction of the MUT protein was transported to the lysosomes. Accordingly, immunoperoxidase EM showed that CEL-MUT was present in the lumen of lysosomal vesicles (Fig. 5B) . A similar effect to that of leupeptin was seen after MG132 treatment ( Fig. 5, A, C, and D) .
In CEL-WT-expressing cells, the number of cells showing co-localization between LAMP1 and CEL increased to 13 and 22% after treatment with leupeptin and MG132, respectively (Fig. 5, A and C) , but the number of positive structures within each positive cell remained relatively low (Fig. 5D ). This indicated that the lysosomes are not a main degradation route of the WT protein. When CEL-TRUNC-expressing cells were exposed to MG132 and leupeptin, the fraction of cells showing co-localization between CEL and LAMP1 increased to 29 and 27%, respectively, a number intermediate of WT and MUT (Fig.  5, C and D) .
Autophagy Is Not a Key Degradation Pathway of CEL-MUT-We previously found that CEL-MUT has an increased tendency to aggregate (26) , and we therefore wanted to investigate if autophagy was involved in the delivery of the protein to the lysosomes. HEK293 cells stably expressing CEL-MUT were transiently transfected with a plasmid encoding LC3-GFP. The cells were then treated with bafilomycin A1 (BafA1) for 3 h, an antibiotic that blocks the fusion of autophagosomes and lysosomes and also inhibits lysosomal protein degradation. Confocal imaging showed that after BafA1 treatment, the number of CEL-MUT-containing vacuoles increased in both number and staining intensity, but no co-localization with LC3B was observed (Fig. 6A ). As the number of LC3-positive vacuoles was quite low in HEK293 cells even after BafA1 treatment, we repeated the experiment in HeLa cells. The latter were transiently co-transfected with plasmids encoding CEL-MUT and LC3-GFP, and after 24 h a fraction of the HeLa cells was treated with BafA1 for 3 h before they were fixed and stained. Both autophagosomes and CEL-MUTpositive vacuoles were detected in the HeLa cells ( Fig. 6C ), but they did not co-localize, confirming that CEL-MUT was not transported to the lysosomes via the autophagosomal pathway.
Finally, we investigated if there was an association between CEL-MUT and p62, a protein known to bind to aggregated cytoplasmic proteins and mark them for autophagic degradation (27) . HEK293 cells stably expressing CEL-MUT were tran- OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 29103 siently transfected with a plasmid encoding p62-mCherry, grown for 24 h, and treated with BafA1 for the last 3 h before fixation. No co-localization could be seen between CEL-MUT and p62 either in untreated or in BafA1-treated cells (Fig. 6B) . Taken together, our experiments could not detect degradation of CEL-MUT by autophagy, suggesting that the protein did not form insoluble aggregates during its synthesis but rather after its release to the cell exterior.
Cellular Reuptake of a MODY Protein
Secreted CEL-MUT Is Re-internalized via a Temperature-dependent Pathway-The lysosomes also represent the end point for endocytosis, a pathway that transports proteins from the cell exterior into the cell. As CEL-MUT was seen at the plasma membrane in distinct areas (Fig. 2) and inside lysosomal vacuoles ( Fig. 5A ) but not as part of the autophagosomal pathway ( Fig. 6) , we investigated whether the MUT-positive vacuoles resulted from re-uptake of the secreted protein. Untransfected HEK293 cells, which do not express endogenous CEL, were incubated for 24 h in conditioned medium from stably transfected HEK293 cells expressing CEL-WT, CEL-MUT, or CEL-TRUNC. A fraction of the cells were also incubated with leupeptin for the last 3 h. Confocal microscopy of immunostained cells showed that in ϳ20% of WT-exposed cells, the protein could be seen intracellularly (Fig. 7, A and B) . Leupeptin treatment did not increase the intensity of the CEL-WT-specific staining. In contrast, CEL-MUT was seen intracellularly in ϳ90% of the HEK293 cells exposed to CEL-MUT-conditioned medium, and after leupeptin treatment, CEL-specific fluorescence increased significantly (Fig. 7, A and B) , showing that CEL-MUT from the cell exterior was transported to the lysosomes after being internalized. ϳ60% of the cells exposed to TRUNC medium were also positive, and a small increase in fluorescence intensity was seen in these cells after leupeptin treatment (Fig. 7, A and B) .
To determine whether the transport of CEL into the cells was temperature-dependent, CEL-conditioned medium was added to untransfected HEK293 cells, which then were incubated at 4°C or 37°C for 30 min. Almost no endocytosis of either CEL variant could be observed after the 4°C incubation (Fig. 7B) . A similar experiment was then performed in HeLa cells exposed to the conditioned medium from CEL-expressing HEK293 cells as in Fig. 7B . The HeLa cells showed an efficient uptake of CEL-MUT and CEL-TRUNC when grown at 37°C for 30 min (Fig. 7C) , similar to the HEK293 cells (Fig. 7B ). The HeLa cells were then exposed to the PI3K inhibitor wortmannin before and during incubation in CELcontaining medium. This resulted in strong inhibition of the endocytosis of both CEL-MUT and CEL-TRUNC, confirming that the mutant CEL proteins enter the cells through active transport (Fig.  7C) . The latter experiment also showed that CEL-MUT can be produced and secreted from one cell line and be endocytosed by a different cell type.
CEL-MUT Is Rapidly Degraded in Lysosomes after Endocytosis in HeLa Cells-We then examined whether the three proteolysis inhibitors leupeptin, MG132, and BafA1 had a similar effect on the MUT-positive vacuoles resulting from endocytosis in HeLa cells as on the MUT vacuoles present in stably transfected HEK293 cells (Fig. 5 ). HeLa cells were grown in conditioned medium from HEK293 cells stably expressing CEL-MUT in the presence of the three inhibitors for 3 h, fixed, and stained using antibodies detecting CEL and LAMP1. Also in this experiment the internalized MUT protein accumulated in LAMP1-positive vacuoles after all three treatments (Fig. 8) . Interestingly, also the proteasomal inhibitor MG132 caused accumulation of CEL inside LAMP1positive structures in the HeLa cells, demonstrating that this inhibitor is not specific for the proteasome. Next, the kinetics of CEL-MUT internalization and degradation was investigated in HeLa cells. The cells were exposed to conditioned medium from HEK293 cells stably expressing CEL-MUT for 30 min. They were then washed with CEL-free growth medium and incubated for different time points followed by staining with antibodies detecting CEL-MUT and LAMP1 ( Fig. 9 ). Intracellular MUT protein was seen at time 0, but most MUT-positive vacuoles did not co-localize with LAMP1 at this time point and, therefore, possibly represented early endosomes (Fig. 9B, 0 h) . However, 1 h after the conditioned medium had been removed, the majority of MUT-positive vacuoles co-localized with LAMP1, an association that continued for another hour. After 3 h, almost all CEL-MUTspecific staining had disappeared, indicating that CEL-MUT had been efficiently cleared by the lysosomes (Fig. 9B, 3 h) .
CEL-MUT Is Endocytosed Also by Pancreatic Acinar and Beta Cell Models-To investigate whether CEL-MUT could be endocytosed by pancreatic cells, mouse acinar cells (266-6) and rat insulinoma cells (INS 1E) were exposed for 30 min to conditioned medium from the HEK293 cells stably secreting CEL-MUT or CEL-WT, followed by fixation and immunostaining using CEL-specific antibodies. Confocal microscopy detected CEL-MUT in the cytoplasm of 90 -100% of the 266-6 and INS 1E cells (Fig. 10, B and D) , whereas CEL-WT was detected internally in only 10% of the cells (Fig. 10, A and C) .
To investigate the mechanism and kinetics of internal CEL-MUT degradation in pancreatic cells, the same cell models were preincubated with conditioned medium from CEL-expressing HEK293 cells for 30 min, then washed with PBS and cultured in fresh medium for different time points before fixation. The fixed cells were immunostained for CEL as before, and lysosomes were stained using an antibody detecting the rodent LAMP2 protein. Immediately after removal of the conditioned medium, CEL-MUT was seen in vesicles in both cell models but did not co-localize with LAMP2-positive vesicles at this time point (Fig. 11, A and B, 0 h) . One hour after the medium change, vesicles positive for both CEL-MUT and LAMP2 were seen in 266-6 and INS 1E cells (Fig. 11, A and B) , strongly suggesting that CEL-MUT was transported to the lysosomes in the two cell models similarly to what we had observed in HeLa and HEK293 cells ( Figs. 5, 6, and 9 ). The CEL-MUT signal was lost 2 h after medium removal in the 266-6 cells, showing that CEL-MUT was rapidly degraded after it reached the lysosome in the acinar cell model (Fig. 11A ). However, degradation of CEL-MUT was somewhat slower in the INS 1E cells as some co-localization persisted 2 h after medium removal (Fig. 11B) .
Internalization of CEL-MUT Reduces the Viability of Pancreatic Acinar and Beta Cell Models-Finally, we investigated whether CEL protein internalization affected the viability of pancreatic cells. This experiment showed that cells exposed to conditioned media containing CEL-MUT produced a significantly lower level of ATP than cells cultured in the presence of CEL-WT, indicating that endocytosis of the mutant protein over time leads to a decrease in metabolic activity (Fig. 12A) . The pancreatic cells were also examined for caspase-3/7 activity. Both 266-6 and INS 1E cells exposed to CEL-MUT exhibited clearly increased levels of active caspase-3/7 compared with cells exposed to CEL-WT (Fig. 12B ). This indicated stimulation of apoptotic activity in pancreatic cells exposed to CEL-MUT confirming a possible toxic effect of the mutant protein. A, untransfected HEK293 cells were cultured in conditioned medium from HEK293 cells stably expressing CEL-WT, CEL-MUT, or CEL-TRUNC for 24 h. For the last 3 h a fraction of the cells was cultured in the presence of 100 g/ml leupeptin. The cells were fixed and stained using the anti-CEL antibody As20.1. Each image represents a maximum intensity projection of a z-stack taken through the entire depth of the cells. The scale bar is 50 m. B, untransfected HEK293 cells were preincubated at 37 or 4°C for 15 min before the addition of 37°C or ice-cold conditioned medium from cells expressing the three CEL variants and incubated for 30 min. The number of positive cells was quantified. C, untransfected HeLa cells were cultured in the presence of 100 nM wortmannin 20 min before and during incubation in conditioned medium (30 min). Both 4°C incubation and wortmannin treatment partly blocked the internalization of CEL from the medium. Data in B and C are shown as the means, and error bars represent S.D. from three independent experiments where 100 cells were evaluated for each treatment.
DISCUSSION
The aim of the present study was to elucidate the disease mechanism of CEL-MODY by investigating the intracellular distribution of the disease-causing protein in cell line models. We previously showed that CEL-MUT and CEL-WT exhibit similar patterns of post-translational modifications and rates of secretion but that CEL-MUT has a propensity to form aggregates (26) . We, therefore, hypothesized that development of CEL-MODY might involve a gain-of-function effect conferred by the mutant protein, in accordance with the autosomal dominant inheritance pattern of the disease. Notably, studies of Cel knock-out mice have shown that these mice do not develop a pancreatic dysfunction, strongly supporting that loss of function alone is not causing the disease (38) .
When observing the localization of three CEL protein variants in stably transfected cells by confocal microscopy, the most prominent difference was punctate, CEL-positive structures of variable size seen mainly in cells over-expressing CEL-MUT ( Figs. 1 and 2) . We confirmed that the mutant protein, but not the wild type or a truncated CEL variant lacking the VNTR, formed extracellular aggregates lining the outer surface of the plasma membrane. Moreover, experiments in cells that do not express any CEL protein showed that CEL-MUT presented extracellularly could be internalized via endocytosis and transported to the lysosomes where the protein is degraded.
Autophagy is a major protein degradation pathway in cells, and the final step of this process is the fusion of the autophagosome with lysosomes (35, 39) . Clearance of CEL-MUT by autophagy might be expected, as this protein variant has the potential to form both soluble and insoluble aggregates (26) . Moreover, increased eIF2␣ phosphorylation, which is seen in HEK293 cells expressing CEL-MUT (26), can promote degradation of protein aggregates by activating autophagy in addition to the role of eIF2␣ in the unfolded protein response (40) . However, when we examined co-localization of CEL-MUT and LC3, a specific marker of the autophagosome, no overlapping distribution pattern was seen. We were also unable to detect co-localization between the mutant protein and p62, the latter being a protein that recruits the autophagic machinery to ubiquitinated protein aggregates and marks them for autophagic degradation (27, 41, 42) . Aggregated CEL-MUT protein seems not to be ubiquitinated (26) , and taken together, our data strongly suggest that the majority of the mutant protein forms aggregates in the extracellular space after its secretion rather than within the cell during production and transport.
During this work, we made the new and intriguing observation of a strong cellular re-uptake of CEL-MUT by endocytosis, explaining the characteristic cellular phenotype shown in Fig. 1 . We also found that the CEL-MUT protein secreted by stably transfected HEK293 cells could be endocytosed by three different human and rodent cell lines (HeLa, INS 1E, 266-6). Notably, the latter was a pancreatic acinar cell line demonstrating internalization in the cells where CEL is naturally produced. The observation of CEL-MUT endocytosis in the beta cell model INS 1E raises the possibility that in the CEL-MODY patients, pancreatic endocrine cells might take up the mutant protein if exposed to it.
The precise mechanism for how extracellular CEL-MUT is internalized by cells is still unknown, although our results sup- FIGURE 9 . Transport to lysosomes and rapid degradation of endocytosed CEL-MUT. A, untransfected HeLa cells were cultured for 30 min in conditioned medium from HEK293 cells expressing CEL-MUT, washed 3 times with fresh medium, and incubated for the indicated time points (hours). The cells were fixed and stained using a polyclonal anti-CEL antibody (VANKO; red). Immediately after preincubation (0 h) CEL-MUT was seen inside most of the HeLa cells. Two hours after medium removal only a few cells remained positive, and after 3 h all cells were negative. Images are maximum intensity projections of a z-stack taken through the entire depth of the cells. The scale bar is 50 m. B, HeLa cells were treated as in A and stained for CEL (VANKO antibody; red) and LAMP1 (green). At time 0 h, CEL was seen clustering in intracellular vesicles, but these did not co-localize with LAMP1. One hour after removal of the CEL-MUT medium a fraction of the CEL-positive vesicles co-localized with LAMP1, and after 2 h almost all CEL-containing vesicles detected were LAMP1-associated. Three hours after removal of the CEL medium the signal from CEL was lost, indicating that the protein was degraded when it reached the lysosomes. Single confocal images are shown. The scale bar is 10 m. C, CEL; L1, LAMP1; M, merge. port an active uptake of the protein via endocytosis rather than passive diffusion through the plasma membrane (Fig. 7C) . The tendency of the protein to aggregate most likely contributes to the increased internalization of the protein as we have observed elongated aggregates on the external side of the plasma membrane by EM (26) (Fig. 2) . Moreover, in our immunofluorescence experiments a layer of secreted CEL-MUT was noted covering both the cells and the coverslip, suggesting a "sticky" protein. This phenomenon may be caused by the net charge of CEL-MUT, which is changed from negative to positive due to the new amino acid composition of the VNTR, making the mutant protein more susceptible to interact with negative surfaces such as cell membranes (26) .
Spreading of aggregated proteins from cell to cell via the extracellular space has been shown for Alzheimer, Parkinson, and Huntington diseases, demonstrating that protein aggrega- tion contributes to increased internalization of proteins (for review, see Ref. 43 ). How the aggregates in these neurodegenerative diseases are released and then taken up again is still under investigation. However, in cultured cells grown in the presence of ␣-synuclein, a misfolded protein involved in the development of Parkinson disease, internalized ␣-synuclein aggregates partially co-localized with endosomal and lysosomal markers, implying that the endocytotic machinery is one of the mechanisms involved (44) .
The disease-causing properties of CEL-MUT are likely to reside in the C-terminal VNTR domain, which is of a different amino acid composition than in normal CEL. In the latter the addition of O-glycans results in increased stability of the protein, as the mucin-like tail protruding from the globular, N-terminal part of the protein appears to protect the enzyme from proteolytic degradation by pancreatic enzymes in the duodenum (16) . Our previous studies showed that both CEL-WT and CEL-MUT undergo O-glycosylation in HEK293 cells, demonstrating that the changed VNTR of the mutant can act as a substrate for this modification although the sequence is different and the theoretical number of O-glycosylation sites is lower than in CEL-WT (26) . However, the exact content and composition of the glycans attached to each protein variant has not yet been determined. Even if the glycans were similar, they could have a different impact on the oppositely charged C termini of CEL-MUT and CEL-WT, leading to altered interactions with other molecules.
Interestingly, differences in O-glycosylation and VNTR length have recently been shown to change the properties of a CEL protein variant with the same amino acid backbone as CEL-WT. This variant, denoted fetoacinar pancreatic protein (FAPP) has only six repeated segments in its VNTR and was identified in pancreatic ductal adenocarcinomas. Here, the addition of a fucose-rich glycotype within the VNTR domain causes the fetoacinar pancreatic protein to be internalized by dendritic cells, subsequently inducing their maturation (45) . As a consequence, the immune system is activated, demonstrating the dramatic effects that can be caused by changes in glycotype within the CEL VNTR (45) . The internalization of CEL-MUT might, therefore, also be caused by changes in the glycans attached to the protein. This could involve binding to receptors recognizing specific glycan moieties on the plasma membrane, possibly followed by activation of intracellular processes.
Theoretically, the pathological effects of CEL-MUT could be induced solely by the lack of the normal, highly O-glycosylated and mucin-like C terminus of the CEL protein. To test this possibility, we included a truncated protein variant in our experiments. CEL-TRUNC only contained the first four amino acids of the VNTR region and, therefore, lacked most of the C-terminal domain. In previous studies, the CEL VNTR has been suggested to be important for the stability and secretion of this protein; however, not for its catalytic activity (17, 46 -48) . As CEL-TRUNC in several respects exhibited cellular properties intermediate of CEL-WT and CEL-MUT ( Figs. 1 and 7) , we conclude that the lack of a normal VNTR sequence may also contribute to the pathological process. In this regard it should be noted that the human CEL gene is highly polymorphic and that some variants with very short VNTR sequences exist (20, 24) . This calls for studies of such variants as risk factors in pancreatic disease.
CEL is not expressed in cells residing in the islets of Langerhans, an observation that raises the question of why all CEL-MODY patients eventually develop diabetes (24) . We have previously hypothesized that the mutant protein is cytotoxic and that this toxicity ultimately leads to acinar cell death and replacement by fibrotic tissue and fat (25, 26) . We show here that secreted CEL-MUT is endocytosed by pancreatic cell models (Fig. 10) . Moreover, when these cells were exposed to CEL-MUT for 1 week, significantly reduced viability and increased apoptotic activity were observed compared with exposure to the normal protein ( Fig. 12 ). This supports the notion that mutant CEL displays some level of cytotoxicity, and one might further speculate that beta cells are particularly vulnerable in this regard. Thus, studies of the effect of secreted CEL-MUT on human islets in vitro are now needed. Alternatively, preparation of induced pluripotent stem cells from patients with CEL-MODY mutations could be an interesting option for further studies (49) .
Clinical investigations in our group have demonstrated that, before diabetes development, CEL-MODY patients exhibit severe reduction in pancreatic acinar function and moderate reduction in ductal function (24, 50) . Both cystic fibrosis and chronic pancreatitis are conditions associated with a loss of pancreatic endocrine function after the exocrine dysfunction has become manifest. The pathophysiological mechanisms in these syndromes are intricate, involving beta cell failure and destruction secondary to chronic inflammation and fibrosis (51) . Notably, a recent study reported an increase in MAPKdriven cytokines in the duodenal juice of CEL-MODY patients (52) . Loss of beta cell maintenance signaling from the exocrine tissue may also play a role (53) and could, together with inflammation, augment the postulated direct cytotoxic effect of CEL-MUT on beta cells.
In conclusion, our data demonstrate that extracellular CEL-MUT present on the plasma membrane can be cleared by cellmediated re-uptake and degradation. This might represent a way of preventing cells from long-time exposure to potentially toxic CEL aggregates. However, we suggest that in CEL-MODY these aggregates or their degradation products eventually cause exocrine pancreatic dysfunction in affected children and adolescents followed by onset of diabetes in adulthood.
